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Over the past 40 years, the search for new antibiotics has been largely restricted to well-known compound classes active against a standard set of drug targets. Although many effective compounds have been discovered, insufficient chemical variability has been generated to prevent a serious escalation in clinical resistance. Recent advances in genomics have provided an opportunity to expand the range of potential drug targets and have facilitated a fundamental shift from direct antimicrobial screening programs toward rational target-based strategies. The application of genome-based technologies such as expression profiling and proteomics will lead to further changes in the drug discovery paradigm by combining the strengths and advantages of both screening strategies in a single program.
The science of genomics has largely been driven by the desire to understand the organization and function of the human genome. However, determination and characterization of smaller, less complex genomes, notably bacteria and yeast, has preceded that of the human genome, providing a testing ground for high-throughout screening procedures. For example, the Saccharomyces cerevisiae genome project, which delivered the first complete eukaryotic genome with 16 chromosomes and about 6200 genes (1), provides a model for ways in which DNA sequence information can be used to direct the subsequent systematic study of biochemical and functional processes (2, 3) . Furthermore, new approaches are being developed for extracting information concerning gene expression, protein levels, subcellular localization and functionality (4, 5) , providing for the first time a "genome view" of how an organism grows, reproduces, and responds to its environment. Many of the complete genomes determined so far are of microorganisms, and further microbial genomes are being sequenced (Fig. 1) . Microbial genomics are already revolutionizing the pharmaceutical industry's capability for antimicrobial drug hunting-and none too soon. Most antibiotic drugs used today are derivatives of agents which have been in the clinic for more than 30 years (or even longer in nature as natural products). This in itself would not be a problem, were it not for the remarkable ability of microorganisms to evolve and adapt. The biggest threat is antibiotic resistance (6) (7) (8) . This has always been an issue, but in the early years of penicillin use pathogens depended on a single resistance mechanism, whereas many strains found in the clinic today have acquired multiple systems to reduce or avoid the action of an antibiotic (9, 10) . Most threatening of these are the mechanisms that involve changes in the target site for antibiotic interaction, conferring levels of resistance to all compounds with that same mechanism of action. Furthermore, the DNA coding for these processes can be transferred between related strains, and the short generation time of many microorganisms facilitates the opportunity for gene selection even during a short course of drug treatment (11) .
Resistance is not the only problem, however. As clinical practice changes to encompass greater use of invasive procedures and patients live longer, more and more individuals are becoming dependent on adequate antimicrobial cover. This is particularly relevant in the case of immunocompromised patients, who may be infected even by normally nonpathogenic organisms. Unfortunately, the use of antibiotics can select for such infections which are not sensitive to standard therapies. For example, in Europe, 10% of infections in intensive therapy units involve Acinetobacter sp. highly resistant but previously rare pathogens (12) . In this way not only is resistance escalating, but also a new range of organisms have to be considered as potential pathogens.
There is therefore a need for a range of new drugs with new mechanisms of action, not susceptible to existing resistance mechanisms and in sufficient numbers to reduce reliance on a small number of chemical classes. Almost all antimicrobial compounds in the clinic today have come from semi-rational optimization programs based on compounds, often natural products, identified by whole-cell, antimicrobi- al screening. In the past 10 years, pharmaceutical research has concentrated on more selective approaches in searching for novel antibiotics, using target-based technology. This involves screening for inhibitors of a specific biochemical reaction or intermolecular interaction (the drug target) as a means of identifying compounds with pharmaceutical potential. Antimicrobial targets therefore should be required for at least microbial growth and preferably cell survival.
The overall advantages of the target-based strategies are obvious (Table 1) , and target selection can be greatly enhanced by the information generated from microbial genomics. Furthermore the latest technologies based upon genomic information are creating new opportunities in the search for more effective antibiotic drugs, for example gene expression analysis is currently being used in two separate areas: (i) investigation of the importance of specific genes in defined tissues and organs during the course of a real infection (rather than artificial, laboratory conditions) and (ii) functional analysis, which involves exploring the consequences of impairing specific functions, in terms of expression of other genes.
The desire to identify genes associated with pathogenic processes has resulted in the development of at least three different approaches-IVET, DFI, and STM-which have all been used in this context (13) because they each provide a different quality of information. IVET (in vivo expression technology) is designed to identify genes specifically induced during an infection and can be used to generate temporal information (14) ; DFI (differential fluoresence induction) uncouples metabolic requirements from selection parameters, thus focusing on infection specific processes, whereas STM (signature-tagged mutagenesis) identifies genes required for the establishment and maintenance of an infection (15) . In addition isolating bacterial mRNA sequences directly from infected tissues and amplifying them by RT-PCR is proving a useful tool in understanding bacterial gene expression during a real infections (16) .
All mRNA-based approaches suffer from the well-known technical problems associated with isolating these molecules from bacteria, but a number of groups have solved these difficulties sufficiently to determine meaningful information (17) . However the importance of pathogenicity data to the drughunting process remains to be established. Such information may certainly highlight new mechanisms by which bacteria react to their host, but it remains to be shown that such mechanisms can be developed into viable therapeutic intervention strategies.
There are some early examples for the use of gene expression profiling (microarray) in microbes which suggest that this application can be used to complement the search for antibiotics (17) . In particular, the ability to investigate the mechanism by which a compound kills a cell and to compare this data with the effects of mutation in target genes could prove extremely valuable, as will be discussed later.
Having selected a target, whether essential to cell survival or important for establishing pathogenic growth, the next stage of the process is to identify compounds. Drug-hunting usually involves high through-put screening of compound banks, analysis of hits and rapid expansion of active chemical series to establish true lead compounds with antimicrobial activity (Fig. 2) . Alternatively, rational design guided by structural information can lead to the same outcome. Initial exploration of chemical space is focused on increasing potency, as measured by target interaction. Lead optimization then methodically selects for improvements in drugassociated properties, such as antimicrobial activity, spectrum, bioavailability, and pharmacokinetics, until development candidates are identified. It is particularly important that from the outset that the relationship between inhibition of the biochemical target and antimicrobial action is established, if these properties are not related optimization can easily lead to toxic or ineffective compounds. Even with state-of-the- 
Microbial Genomics and Target Selection
Until recently, the major barrier to target-based screening was the small number of potential targets which was limited by the number of cloned and characterized genes. This barrier has in effect been removed as a consequence of the comprehensive genome sequencing projects.
Since the publication of the complete yeast genome sequence (1), more than 20 other complete genome sequences have been determined, and all but two of these are genomes of model or pathogenic bacteria. Consequently, all genes in these organisms are now available as potential targets and can be prioritized on the basis of various user-defined criteria. For example, ideal antimicrobial targets should be essential to microbial cell survival, highly conserved in a range of pathogens, and absent or radically different in humans. Usually, another essential requirement of a target is an understanding of the function of the gene product, ideally at the level of its biochemical activity. Genome sequence comparison using any one of a number of bioinformatic platforms conventionally allows the assignment of a function to a gene identified through DNA sequencing via similarity to a characterized protein, involving linear comparisons of DNA and protein sequences (19) . This has several limitations, most notably the inability to assign function to proteins that lack an obvious homolog, and establishing the functional relationship between weakly related proteins. Consequently, a significant proportion of each complete genome is functionally unannotated.
Recently however, two new computational methods have been described that infer protein function on the basis of properties other than amino-acid sequence similarity (20, 21) . These methods make use of both theoretical prediction (phylogeny and domain fusion) and experimental data (expression profiles) to identify functional linkages between proteins. The usefulness of these approaches has been demonstrated by the assignment of a general function to about half of the 2500 uncharacterized yeast proteins. The use of domain fusion analysis alone, however, in analysis of bacterial genomes may be more limited. The number and accuracy of these methods will be improved as further complete genome sequences are released. Ultimately, these methods will be superseded by direct comparison of three-dimensional (3D) protein structures, because the function of a protein is more directly a consequence of its shape than its sequence. Although relatively few structures are currently available, the rate of structure determination has increased dramatically, and current structural genomics projects will impact significantly in this area by providing sufficient information to allow most other protein sequences to be modeled accurately (22) .
A computational process similar to that used for the annotation of genome sequences by simultaneous comparison can be used to identify candidate targets within the genome and prioritize them for antimicrobial screening. For broadspectrum agents, for example, bioinformatic analysis of genome sequences can be used to identify proteins that are highly conserved in the appropriate range of pathogens associated with a particular clinical indication. This relies on the assumption that proteins with highly conserved amino-acid sequences will have more closely related 3D structures than will proteins with relatively dissimilar primary sequences. This becomes even more important when the same bioinformatic tools are used to identify highly conserved bacterial genes that lack a close human counterpart. Clearly, such a comparison will be incomplete until a full human genome sequence is available, but the current, rapidly expanding human sequence databases already provide valuable analyses. Comparative genomics therefore provides, through simple computational analysis, a list of potential targets with useful bacterial spectrum and possible selectivity over humans (Fig. 3) (23) .
In addition to highly conserved targets which offer the opportunity to develop broad spectrum antibiotics, comparison of microbial genome sequences has also shown that a significant proportion of each genome encodes proteins that are functionally unknown, some of which are specific to that organism (1). These provide the opportunity to develop antibiotics with a high degree of specificity for a single organism (or a small set of related bacterial species) such as Mycobacterium tuberculosis or Helicobacter pylori. Such narrow specificity potentially offers long-term benefits by reducing problems arising from cross resistance. However, there are two significant limitations to this. First, most of these genes are unannotated and have no known or obvious function, making it difficult to progress target-based screens. Second, there are currently no rapid, accurate, and sensitive tools to identify the specific causative agent for many infections. However, organism-specific genes may not only provide the potential targets for novel therapeutic agents but also the principal components of rapid, PCR-based diagnostic tools (24) . This potential will undoubtedly be realized in the near future.
Microbial Genomics and Drug Discovery
As well as defining the genetic complement of the cell, the complete genome sequence of an organism provides the opportunity to investigate the biology of that organism. Transcript profiling using DNA microarrays provides a rapid and systematic method for the highthroughput analysis of gene expression at the level of the whole genome (25, 26) , providing a specific analysis of expression of each individual gene monitored by mRNA concentrations. From the perspective of drug discovery, the patterns generated from the parallel analysis of all genes in an organism using microarrays can give clues to the function of previously uncharacterized genes (target identification), as well as providing information about cellular responses to treatments with small inhibitor molecules (mechanism of action studies at all discovery phases). If microarrays can identify reproducible and statistically significant changes in global gene expression, this information would significantly streamline most phases of drug discovery and development. Several recent lines of evidence support the view that www.sciencemag.org SCIENCE VOL 287 17 MARCH 2000 such gene expression profiles have a key role to play in antimicrobial drug discovery programs, although as yet there is still almost no published information in this area. In one study (27) , two potent protein kinase inhibitors were analyzed for their effect on global gene expression in yeast by comparing the transcript profile of cells before and after treatment with the compounds. Although the two compounds were thought to act against the same target and showed similar in vitro activity, there were distinct and significant reproducible differences in the changes in gene expression induced by the two compounds, emphasizing the utility of microarray in evaluating the selectivity of drug candidates. In a separate study, yeast cells were treated with the immunosuppressive drug FK506 and a characteristic profile determined. A similar pattern of expression was seen using cells from which the FK506 target had been deleted, demonstrating that depletion of gene function by genetic or chemical treatment can produce the same effect on global gene expression (28) . This suggests that genetic inhibition of gene function by mutation or deletion can be used as the "gold standard" marker for specific gene inhibition, and that expression patterns generated after treatment with small molecule inhibitors can be related to the "genetic patterns" to define or confirm the target and mechanism of action of the inhibitor. Furthermore, treating cells lacking the FK506 target with FK506 revealed apparent secondary targets for the drug, suggesting that microarrays can also be used to identify secondary (and potentially unwanted) mechanisms of action. The potential of microarrays to define mechanisms of action is reinforced by our recent work and that of others on the sterol biosynthesis pathway in yeast. These experiments were set in this well-characterized system as a test of the technology on a genome-wide basis. Inhibition of sterol biosynthesis results in increased transcription of some of the genes in the pathway as a result of feedback inhibition (29) . Using strains in which sterol biosynthesis is inhibited genetically through ERG1 or ERG11, and chemically through treatment with terbinafine (which inhibits squalene monooxygenase, the product of ERG1) or fluconazole (which inhibits lanosterol 14␣-demethylase, the ERG11 product), we observed similar and expected changes in the expression of genes in the sterol pathway after all of the treatments. However, using clustering algorithms with the expression data for the whole genome in each case, we found that the pattern of expression observed after treatment with fluconazole most closely resembles that seen after ERG11 inhibition, whereas the pattern seen after terbinafine treatment is most similar to that of ERG1 inhibition (30) . This result reinforces the value of expression data generated from cells that have been perturbed through genetic treatment, and implies that microarrays can not only confirm the mechanism of action of a compound but that their sensitivity may be sufficient to discriminate between compounds acting at different steps in the same metabolic pathway.
The importance of analysing expression data by clustering can be seen further from studies on co-regulated genes. Coexpression may indicate genes whose protein products interact together in a heterologous complex, or which act in concert in the same pathway without direct physical interaction. Transcriptional co-regulation can thus indicate physical or functional interactions between proteins, and associating the regulatory patterns of known proteins with those of unknown function can be used to suggest functional linkages for further analysis (31, 32) .
Not all cellular processes are controlled at the level of gene expression, and protein profiling thus provides a complementary approach to the use of DNA microarrays. Proteomics (33) has progressed substantially from the simple concept of 2D gel electrophoresis, into a technology capable of investigating the total protein content of a cell and its response to changing conditions. The sensitivity and versatility of this approach is increasing as new electrospray mass spectrometry techniques improve resolution, identification, and quantification (34) . Determination of a cellular response based upon proteomic analysis alone in microrganisms is, however, still problematic, because many regulatory proteins are only present in trace amounts and therefore difficult to identify in gel images (35) .
All of the above technologies, alongside numerous other strategies, are potential tools in exploring the functionality associated with bacterial genes. An understanding of function is important to facilitate development of suitable screening assays. In time, however, the technology will develop such that screening compounds directly on the basis of transcript profiling, before the detailed biochemistry of a target has been defined, will soon become a reality.
Conclusions
Traditionally, antimicrobial drug discovery has relied upon random screening or semi-rational modification of known structural series. These strategies have failed to deliver sufficient molecular diversity to counteract the constant selection pressures within the clinic, resulting in substantial and increasing drug resistance. In recent years, target based drug discovery has allowed the pharmaceutical industry to focus screening activities into new mechanisms of action and new chemical classes. These activities, however, have been limited to individual examples of established microbial biochemistry and have carried a high risk of failure. Microbial genomics complements and extends the traditional genetic tools in providing, for the first time, a basis for rational drug-target discovery in anti-infectives.
The new technologies based upon microbial genomics not only provide the tools to drive target discovery beyond established biochemistry but also create the ability to compare targets for likely performance in a clinical situation. The technologies are not limited to target selection and are providing new approaches to support compound optimization into early drug development. This not only streamlines accurate compound evaluation but also converts random screening campaigns into rational compound optimizations, thus revolutionizing both antibacterial and antifungal drug screening. We can thus expect a whole variety of novel agents with new mechanisms of action, of unrelated structural classes, to be generated from increasingly efficient drug-hunting programs.
